Material properties depend sensitively on the atomic arrangements and atomic bonding, but these are notoriously difficult to measure in nanosized atomic clusters due to the small size of the objects and the challenge of obtaining bulk samples of identical clusters. Here we have combined the recent ability to make gram quantities of identical semiconductor quantum-dot nanoparticles with the ability to measure lattice dynamics on small sample quantities of hydrogenated materials using high energy resolution inelastic x-ray scattering (HERIX), to measure the size-dependence of the phonon density of states (PDOS) in CdSe quantum dots. The fact that we have atomically precise structural models for these nanoparticles allows the calculation of the PDOS using Density Functional Theory (DFT), providing both experimental and theoretical confirmations of the important role that the inertia of the surface capping species plays on determining the lattice dynamics.
Material properties depend sensitively on the atomic arrangements and atomic bonding, but these are notoriously difficult to measure in nanosized atomic clusters due to the small size of the objects and the challenge of obtaining bulk samples of identical clusters. Here we have combined the recent ability to make gram quantities of identical semiconductor quantum-dot nanoparticles with the ability to measure lattice dynamics on small sample quantities of hydrogenated materials using high energy resolution inelastic x-ray scattering (HERIX), to measure the size-dependence of the phonon density of states (PDOS) in CdSe quantum dots. The fact that we have atomically precise structural models for these nanoparticles allows the calculation of the PDOS using Density Functional Theory (DFT), providing both experimental and theoretical confirmations of the important role that the inertia of the surface capping species plays on determining the lattice dynamics.
Colloidal semiconducting nanocrystals, commonly called quantum dot nanoparticles, have been studied exhaustively over the last thirty years due to their unique optoelectronic properties: size-tunable band-gaps, narrow, highly efficient photoluminescence, and long-term stability. For these reasons, they have started appearing in various products on the market ranging from television displays [1, 2] to solid-state lightbulbs [3] and biological labels [4, 5] . However, despite their commercial success, further development has been hindered by the lack of a detailed understanding of fundamental nanoparticle structure-property relationships, an important example of which is the nature of their lattice dynamics and how it is modified from bulk behavior by nanoparticle size [6] . Although lattice dynamics has a significant effect on the structural, mechanical and electronic properties of materials, it remains poorly understood for small crystallites because current techniques are best suited for bulk single-crystals. In the case of nanoparticles, this requirement is particularly problematic because their structures are often poorly defined, making it challenging even to determine the atomic structure [7] , a prerequisite to un- derstanding dynamics and properties.
With the development of techniques such as the pair distribution function (PDF) which allows to obtain structure solution from powder x-ray scattering experiments [8] , our ability to measure the structure of nanomaterials has improved. Using the PDF methods, we recently reported the first complete structural solution of a set of atomically-precise cadmium selenide quantum dots [9] , shown in Fig. 1 . Unlike even the most monosdisperse nanoparticle samples which generally possess some degree of heterogeneity in size, shape, and/or composition [10] , the class of atomically precise nanoparticles that we prepared have well-defined structures and chemical formulas. We have isolated three sizes ranging from 1.7-2.6 nm, each of which has a tetrahedral, zincblende cadmium selenide core enriched in cadmium and is passivated by a mixture of benzoate and n-butylamine lig-ands. With precisely known atomic structures, they are ideal candidates for a detailed investigation of lattice dynamics.
Traditionally, inelastic neutron scattering is the tool of choice for studying phonons in materials since the energy of thermal neutrons is on the order of meV, comparable to the phonon excitation energies [11] [12] [13] [14] . However, neutrons have disadvantages when studying nanomaterials. One of the major concerns is that a neutron experiment requires large quantities of the sample, typically on the order of several grams, which is sometimes impossible to satisfy for novel nanoscaled materials. Moreover for nanomaterials synthesized via a wet chemistry route, hydrogen atoms inevitably exist in the sample, producing a large and problematic incoherent scattering background. Nuclear resonant inelastic x-ray scattering (NRIXS), which uses isotope resonators such as 57 Fe, 119 Sn, 151 Eu to achieve a better scattering cross section, has been used to study the vibrational properties of some larger nanosystems [15, 16] but the small number of suitable isotopes drastically narrows the range of materials that may be studied. On the other hand, high energy resolution inelastic x-ray scattering (HERIX) [17] [18] [19] [20] may be carried out on small samples of any material, making it suitable for studies of lattice dynamics in nanoparticles. For nanoparticle powder samples, the wave-vector is no longer well defined due to the breaking of the translational symmetry at finite size, therefore it is only possible to obtain the phonon density of states (PDOS) instead of the full phonon dispersion curves. Nevertheless, the PDOS is still highly valuable for understanding material properties because a wide variety of thermodynamic quantities such as Gibbs free energy, vibrational entropy, and atomic displacement parameters can be calculated within the harmonic approximation through well-established phonon partition equations [12, 13, 19] Here we report a detailed study of the lattice dynamics of three samples of atomically precise quantum dots of different sizes using the HERIX spectrometer at beamline ID-30 at the Advanced Photon Source (APS) at Argonne National Laboratory. Furthermore, knowledge of the precise core structure of the quantum dots allows us to carry out DFT calculations and understand the measured spectra from a first-principles perspective, giving key insights into modifications to the structure and lattice dynamics of these important nanoparticles.
HERIX experiment and procedure to obtain PDOS The samples we studied are summarized in Fig. 1 and are labeled CdSe (350 nm) , CdSe (380 nm) , and CdSe (408 nm) , after the first electronic transition peak seen in the ultraviolet-visible absorption spectra [9] . Details of the synthesis and isolation can be found in our previous paper [9] . The nanoparticle samples were loaded into Kapton capillary tubes (d = 2 mm) in a nitrogen-filled glove-box to avoid air exposure, mounted on a copper post, and aligned in the beam. To optimize the signal a sample thickness was used such that µt = 1, where µ is the sample average linear absorption coefficient and t the average sample thickness in the beam. In addition, we also performed measurements on a powdered bulk sample of wurtzite cadmium selenide, CdSe (Bulk) , which was prepared and mounted in the same way.
During the HERIX experiment, eight silicon diced spherical analyzers [21] independently recorded inelastic x-ray scattering (IXS) signals of the sample, which cover a wide Q-range from 54.89 nm −1 to 70.57 nm −1 . The total measurement time for each sample was between 11 and 14 hours. The PDOS data reduction follows previous literature [22, 23] . Briefly, starting from the summed total IXS pattern, the central elastic peak was subtracted by fitting with a pseudo-Voigt function leaving the inelastic scattering part. A double Fouriertransform method was then applied to simultaneously deconvolute the instrument resolution function and eliminate multi-phonon contributions. Finally, the PDOS is calculated as the product of the single phonon intensity and phonon occupancy factor. More details can be found in the Methods section.
Unexpected broadening and blue-shift of PDOS with decreasing nanoparticle size
We now proceed to describe the results of the PDOS measurements. The PDOS of a material is expected to be significantly modified when the material becomes nanosized due to finite size effects. For particles sufficiently small, the continuously dispersing phonon bands are expected to separate into discrete states at welldefined energies corresponding to the eigenfrequencies of the normal modes of the finite particle. This will result in distinctly different properties of nanoparticles compared to the bulk. It is therefore of the greatest interest to determine the PDOS of nanoparticles as we have done here.
As a benchmark, we first measured the PDOS from a powdered sample of CdSe (Bulk) . This is shown as the black line in Fig. 2(a) . This is in good agreement with the computed PDOS from DFT calculation as shown in Fig. 2(b) . The calculated PDOS has been convoluted with the resolution function of the measurement with a full width at half maximum (FWHM) of 1.709 meV, which was determined by measuring poly(methyl methacrylate), or PMMA, rod at Q = 10 nm −1 . The origin of features in the PDOS can be inferred by a comparison with the computed phonon dispersion curves, as shown in Supplementary  Fig. 1 . The low-ω part of the computed spectrum increases in a power-law fashion due to linearly dispersing acoustic phonons, reaching a broad peak centered around 6 meV in the PDOS where the transverse acoustic (TA) branches bend over as they approach the zone edge. The longitudinal acoustic (LA) modes harden to higher energies before bending over at the zone edge at around 16 meV, resulting in a second broad maximum in the PDOS around this energy. There is a gap between 17 and 21 meV in the phonon spectrum that separates the acoustic branches and the high-ω, weakly dispersing optical branches, the latter producing a third broad maximum of intensity centered around 22 meV. The measured PDOS of CdSe (Bulk) (Fig. 2(a) ) matches this general shape well, and the measured frequencies are accurately captured in the calculation. Note the energy resolution (1.709 meV) of IXS is not high enough to resolve phonon band gap. In Supplementary Fig 2, this is demonstrated by convoluting the computed PDOS of CdSe (Bulk) with Gaussian functions of various FWHMs.
Next we turn to the measured PDOS of the nanoparticle samples, also shown in Fig. 2 . A number of qualitative observations can be made. First, they have a shape that generally resembles that of CdSe (Bulk) with broad peaks around 6 and 22 meV, but the peaks are further broadened out compared to those of the bulk PDOS. Second, in contrast to a well-resolved peak at ∼16 meV in the bulk PDOS, this feature becomes less distinct in the nanoparticle samples. Instead, significant spectral weight now appears in the bulk gap region (17-21 meV) .
Despite the overall qualitative agreement between the nanoparticle and bulk PDOSs, a more careful comparison suggests a change in the frequency of some of the phonon modes. In particular, with decreasing particle sizes there is observable spectral weight shifted to higher frequencies for the 6 meV and the 22 meV features. There is no corresponding shoulder on the lowfrequency side of the features, and so this results in a slight but definite overall blue-shift of these two features in the PDOS.
Neither the broadening of the PDOS, nor the blueshift of features in the spectrum, are expected a priori. Finite size effects are expected to result in flatter bands resulting in sharper features in the PDOS as a result of quantum confinement that leads to localization of the normal modes. A broadening could come from polydispersity in the sample, with contributions to the signal from different sized nanoparticles. However, since the samples consist of atomically precise, and therefore identical nanoparticles (one of the features of the current study), we can rule this out. A broadening could also result from bond relaxations within a single nanoparticle, such that bonds of atoms, for example, at the center or surface of the particle, are of different lengths. There is experimental evidence for such a particle size-dependent Cd-Se peak broadening from PDF studies of small CdSe nanoparticles [9, 24, 25] . To confirm this in our samples we show measured PDFs of the current samples and find the same behavior (Fig. 3) .
The blue-shift of features in the PDOS is also interesting. Such an effect has been predicted theoretically [26] , but never confirmed experimentally. It is also consistent with another observation from PDF studies of CdSe nanoparticles, i.e. an overall shortening of the average Cd-Se bond-length with decreasing nanoparticle diameter [9, 24, 25] . A shorter bond length on average may indicate a stronger bond which oscillates with a higher frequency.
Combined experiment with DFT provide insights into structure, bonding and lattice dynamics
The solved atomic structures [9] of the CdSe nanoparticles under study allow DFT total energy minimization calculations to be carried out to find relaxed structures. It is computationally demanding to simulate vi- brational properties of nanoparticles with the full ligand coverage, given the large number of surface ligands and the multitude of different possible ligand arrangements [27] that are not exactly known from the experiments [6, 9] . For simplicity, the nanoparticle surfaces were passivated with pseudo-hydrogen atoms (H * ) with fractional charges that fully saturate the dangling bonds of the surface Cd atoms and keep the nanoparticles charge neutral (see Methods section). Although the mass of the terminal group itself does not affect the optimized DFT geometry of the nanoparticles and their electronic structures, it has a direct influence on the lattice dynamics, i.e. the phonon frequencies and the weight of the spatial distribution of the eigenmodes, especially those near the surface [26] . In order to mimic the effects of the real ligands and make direct comparison to the HERIX results, a proper mass of the H * atoms, m, needs to be chosen. Indeed, when m is simply set to that of a real hydrogen atom (m = 1 amu), the low-frequency peak near 6 meV in the PDOS of H * -passivated nanoparticles are found to have a substantial red shift of 1-2 meV (not shown) compared to the bulk while the highfrequency peak near 22 meV is nearly unchanged, in sharp contrast to the experimental results. On the other hand, when the mass of H * is chosen to be m = 16 amu, which is close to the mass of the atoms on the binding ligands (e.g. O in benzoate and N in n-butylamine), an excellent agreement with experimental data is established. In particular, the sign of shift relative to the bulk phase changes from negative to positive for both peaks, with much smaller magnitude (∼0.2 meV) at the lowfrequency and much larger at the high-frequency (∼1 meV).
A higher mass of m = 32 amu was also tested to explore the effects of including some of the mass of the rest of the ligand, and was found to have relatively small influence on the PDOS peak positions and magnitude. The influence of different m is also demonstrated in Supplementary Fig. 3 for CdSe (408 nm) , where the choice of lighter mass (m = 1 amu) causes a considerable red shift at both low and high frequencies compared to the case with heavier masses (m = 16 or 32 amu). This trend is consistent with that observed for other colloidal nanoparticles with zinc-blende type structures [26] , although the effects here are more substantial due to the smaller nanoparticles size and larger surface/core ratio considered here.
From the DFT-optimized structures of the nanoparticles and bulk samples, the radial distribution functions (RDF) can be computed and the averaged nearest CdSe bond distance can be extracted from the position of the first peak position. These values are used to calculate the bond strains as defined by [(r correspond to the averaged nearest-neighbor Cd-Se bond distances in the nanoparticles and bulk samples, respectively. A similar calculation was done by using measured PDFs in Fig 3(a) . The experimental and theoretical bond strains are compared in Fig 3(b) , where we see the same trend in both the experiment and the calculation-a reduction of nanoparticle size causes an increased magnitude of compressive strain. Here the compressive strains for the smallest nanoparticle is ∼-0.8%, which is slightly smaller than ∼-2.0% for a spherical CdSe nanoparticle with a size of 1.3 nm [25] .
The PDF signal yields an average bond-strain, but the data are not of high enough resolution to unambiguously determine how particular bonds in the cluster change their length as the clusters get smaller, for example, how the bond-length varies between the core and the surface of the nanoparticles. DFT calculations can give some insight here. With the simple model of H * -termination, a nearly monotonic decrease of the Cd-Se bond from the nanoparticle center to the edge was observed, with the surface bond contracted by roughly 1% compared to the center, which is in agreement with the observation that the width of the Cd-Se bond-length distribution increases with decreasing particle size in regular quantum dots [24, 25] .
In summary, we determined the phonon density of states of recently discovered atomically precise quantum dot particles using synchrotron high energy resolution inelastic x-ray scattering instrumentation. This is coupled with atomic pair distribution function measurements and first principles density functional theory calculations to provide key insights into the structure, bonding and dynamics of CdSe quantum dot nanoparticles. Compared to the bulk there is an observable blueshift in the optical modes which increases with decreasing nanoparticle size. From theory we show that this blue-shift is very sensitive to the mass of the pseudoligand used in the calculation, in fact, the use of hydrogen as the pseudo-ligand results in a red shift of this branch. This implies a strong effect of ligand mass on the dynamical spectrum of the nanoparticle core which might present opportunities for engineering the PDOS spectrum by controlling ligand mass and coverage. 
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Methods

HERIX experiments.
The high energy resolution inelastic x-ray scattering experiments were carried out at room temperature at Sector 30 at Argonne National Laboratory. The CdSe (Bulk) and nanoparticle powder samples were encapsulated in Kapton capillary tubes. By scanning x, y positions along the tubes, the optimum absorption length was achieved for each sample which maximizes the inelastic scattering signal. The incident xray with an energy of 23.7245 keV (λ=0.5226Å) and a beam size of 1.8 × 0.4 mm was unfocused on the samples, and eight silicon spherical analyzers recorded the data simultaneously in a momentum transfer range from 54.89 nm −1 to 70.57 nm −1 (corresponding to a 2θ-range from 26.51
• to 33.98
• ). The energy transfer was chosen from -10 meV to +40 meV [28] . Each sample was measured for 50 minutes and the measurement was repeated at least 11 times before summation. A poly(methyl methacrylate) or PMMA rod was measured at RT at 10 nm −1 to determine the resolution function and efficiency of each analyzer. An empty capillary was also measured for background subtraction. The measured IXS spectra were summed into one spectrum using an "incoherent approximation" where intensity measured by each individual analyzer was divided by the respective analyzer efficiency before summation.
PDF experiments.
Synchrotron x-ray total scattering experiments were conducted at beamline 28-ID-2 at the National Synchrotron Light Source II at Brookhaven National Laboratory. The samples were packed into Kapton capillary tubes and measured at 20 K using a cryostat. The rapid acquisition pair distribution function (RaPDF) technique [29] was used with an x-ray energy of 67.4194 keV (λ=0.1839Å). A large area 2D Perkin Elmer detector (2048 × 2048 pixels and 200 × 200 µm pixel size) was mounted orthogonal to the beam path with a sample-to-detector distance of 212.641 mm for CdSe (350 nm) , CdSe (380 nm) and CdSe (Bulk) while 206.377 mm for CdSe (408 nm) which were determined by using a nickel standard as a calibrant.
The raw 2D data were azimuthally integrated and converted to 1D intensity versus 2θ using FIT2D [30] . PDFgetX3 [31] was used to correct and normalize the diffraction data and then Fourier transform them to obtain the experimental PDF, G(r), according to
Here Q is the magnitude of the momentum transfer on scattering and S(Q) is the properly corrected and normalized powder diffraction intensity measured from Q min to Q max [32] .
Procedures to obtain PDOS.
The procedures to obtain PDOS from IXS measurements of powder samples closely follow the literature [22, 23] where the multi-phonon contribution is eliminated simultaneously with the deconvolution of instrumental function. Starting from the summed IXS spectrum in an "incoherent approximation", the elastic scattering contribution was carefully subtracted, leaving an inelastic scattering part I(E). Through I(E)dE = I 0 (1 − f LM ) and I(E)EdE = I 0 E R , a scaling factor I 0 and LambMössbauer factor f LM were obtained. Here E R is the recoil energy of a free nucleus of mass M (a reduced mass is used in our case) and is defined as E R =h 2 k 2 /2M . Next, the Fourier transformation of the normalized resolution function P (E) (i.e. P (E)dE = 1 and P (E)EdE = 0) and I(E) were introduced as Q(τ ) and J 0 (τ ), respectively, where Q(τ ) = exp(iEτ )P (E)dE and J 0 (τ ) = exp(iEτ )I(E)dE. A numerical parameter P if (0.1 was used here) is defined as the degree of deconvolution so that Q 0 (τ ) = (Q(τ ) + P if )/(1 + P if ). After dividing out the resolution function in Fourier space, DFT calculations were carried out with the projected augmented wave method [33] implemented in the Vienna ab initio simulation package (VASP) [34] package, with the local density approximations and a kinetic energy cutoff of 300 eV. * denotes "pseudo" hydrogen atoms with a fractional charge of 3/2 in order to passivate the dangling bonds of surface Cd atoms while maintaining the charge neutrality [35] . The same core formula as those shown in Fig. 1 are adopted, but with the ligand shell replaced by H * atoms and is, therefore, of higher symmetry. Different atomic mass of H * atoms (m=1, 16, 32) were tested to examine the influence of ligand mass on the vibrational properties of the nanoparticles. Dynamics matrix was computed via the density-functional perturbation theory [36] , and the phonon density of states was obtained using the PHONOPY [37] program.
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